Deletion of direct repeats in retroviral genomes provides an in vivo system for analysis of reverse transcriptase (RT) template switching. The effect of distance between direct repeats on the rate of deletion was determined for 16 murine leukemia virus (MLV)-based vectors containing a 701-bp direct repeat of overlapping fragments of the herpes simplex virus thymidine kinase gene (HTK). The direct repeats were separated by spacer fragments of various lengths (0.1 to 3.5 kb). Southern analysis of infected cells after one replication cycle indicated that all vectors in which the distance between homologous sequences was >1,500 bp deleted at very high rates (>90%). In contrast, vectors containing <1,500 bp between homologous sequences exhibited lower frequencies of deletion (37 to 82%). To analyze the pattern of locations at which RT switched templates, restriction site markers were introduced to divide the downstream direct repeat into five regions. RT switched templates within all five regions of the 701-bp direct repeat and the frequency of template switching was greater within the 5 regions in comparison to the 3 regions. The probability of RT switching templates within the 5 regions doubled when the MLV packaging sequence (⌿) was placed between the 701-bp direct repeats. However, ⌿ did not increase the rate of template switching for shorter direct repeats. These results indicate that linear distance between homologous sequences increases the rate of template switching and suggest that duplex formation between nascent DNA and homologous template sequences 3 of RT promote template switching.
Retroviral reverse transcriptases (RTs) convert singlestranded retroviral RNA into double-stranded viral DNA (1, 3, 45) . The process of reverse transcription involves two obligatory template-switching events, designated minus-and plusstrand DNA transfer, which require that RT dissociate from the template at one location and reassociate with a homologous sequence at another location (3) . Because RT is required to dissociate from the template, it is postulated that RT evolved to possess low template affinity and processivity (43) . The genetic consequences of RT's low template affinity are that additional template switching events frequently occur during the process of reverse transcription. Intermolecular template switching events between the two copackaged viral RNAs can lead to homologous and nonhomologous recombination (15, 23, 44) , whereas intramolecular template switching events (within the same template RNA) can lead to mutations such as deletions, deletions with insertions, insertions, and duplications (33, 35) . The low template affinity and low processivity of RT may also significantly contribute to the high rate of substitution and frameshift mutations during reverse transcription (34) .
Several in vivo and in vitro studies have analyzed minusstrand and plus-strand transfer events in an effort to elucidate the mechanism of RT template switching (9, 10, 20, 37, 48, (53) (54) (55) . Retroviral vectors containing directly repeated homologous sequences constitute a powerful in vivo model system to analyze RT template switching during one cycle of retroviral replication (6, 22, 33) . Directly repeated sequences in retroviral genomes are unstable and are frequently deleted from the integrated proviruses (2, 4, 6, 17, 23, 31, 33-35, 47, 49) . Direct repeats composed of the neomycin phosphotransferase gene (neo) and the herpes simplex virus thymidine kinase gene (HTK) have been shown to delete accurately and at high frequencies during both spleen necrosis virus and murine leukemia virus (MLV) replication (6, 22) . These and other in vivo studies have shown that the frequency of template switching is dependent on the length of homology (55) . Using direct repeats as a model system, it was shown that template switching events leading to direct repeat deletions are primarily intramolecular (15) . Additionally, it was shown that the frequency of RT template switching is equal during minus-and plus-strand DNA synthesis (2) . Other in vivo studies have also shown that the dimer linkage structure constitutes a hot spot for intermolecular template switching events (27) (28) (29) .
Several in vitro assays have been used to analyze the template switching properties of RT. These studies have shown that pausing of RT promoted by template secondary structure, depletion of nucleotide pools, or specific nucleotide sequences increases the rate of template switching (7, 11, 12, 26, 32, (40) (41) (42) 50) . Specific pause sites present within retroviral genomes have also been identified and are implicated in promoting template switching (25, 51) .
Our previous studies indicated that a 701-bp direct repeat composed of overlapping fragments of the HTK gene deleted at a high frequency (6) . When the direct repeats were adjacent to one another, they deleted at a frequency of 57% during a single replication cycle. Interestingly, the direct repeats separated by an 818-bp spacer fragment composed of the MLV packaging signal (⌿), including the dimer linkage structure, deleted at a frequency of 91%. The increase in the frequency of template switching could be caused by either a specific effect of the MLV ⌿ on the secondary and tertiary structure of the viral RNA, or an effect of the increased linear distance between the direct repeats. In this study, we demonstrate that increasing the linear distance between homologous sequences increases the frequency of RT template-switching events.
MATERIALS AND METHODS
Definitions and plasmid construction. The presence of a "p" preceding a retroviral vector name refers to the plasmid, whereas the absence of a "p" refers to the viruses or proviruses derived from these plasmids. All vectors were constructed by using standard cloning procedures (38) . A detailed description of all cloning steps is available upon request. Briefly, MLV-based vectors pKD-HTnotTK and all vectors containing spacers of various lengths were derived from the previously described vector pKD-HTTK (6). Vector pKD-HTpTK was also previously described (6) . Each vector contains neo from Tn5 expressed from the encephalomyocarditis virus internal ribosomal entry site (IRES) (18, 19, 21) . A NotI linker was inserted between the HT and TK fragments of pKD-HTTK to create pKD-HTnotTK. Various restriction fragments from the murine Na ϩ -K ϩ ATPase gene that confers resistance to ouabain (ouabain) (24) , the bacterial ␤-galactosidase gene (lacZ) (pSV␤; Clontech), or the hygromycin phosphotransferase B gene (hygro) (13) were isolated and inserted into the NotI site of pKD-HTnotTK. The numbers within the vector names refer to the length of the spacer fragment in base pairs between the HT and TK fragments. PCR amplification of the TK portions of HTK were used to create pKDHTp1TK, pKD-HTp2TK, pKD-HTp4TK, pKD-HT1TK, pKD-HT2TK, and pKD-HT4TK. The structures of the vectors were verified by DNA sequencing analysis to confirm that no new mutations were introduced (data not shown).
To create pKD-HTT4*K and pKD-HTpT4*K, site-directed mutagenesis (Chameleon double-stranded mutagenesis kit; Stratagene) was performed to introduce four unique restriction enzyme sites (NdeI, HincII, Eco47III, and NotI) within the downstream T portion of the direct repeat without changing any of the HTK amino acid sequence. No new mutations other than those intended were introduced into the vectors as was verified by DNA sequencing analysis (data not shown).
Cells, transfections, and infections. PG13 (obtained from the American Type Culture Collection) is a helper cell line expressing the MLV gag-pol and the gibbon ape leukemia virus envelope (30) . The absence of the gibbon ape leukemia virus receptor on murine cells prevents reinfection of the PG13 helper cells. The target 143B cells (obtained from the American Type Culture Collection) are a thymidine kinase-deficient human osteosarcoma cell line. Cells were maintained in Dulbecco's modified Eagle's medium (ICN Biomedicals) supplemented with penicillin (50 U/ml; Gibco), streptomycin (50 g/ml; Gibco), and bovine calf serum (10% for PG13 and 6% for 143B; HyClone Laboratories).
PG13 helper cells were transfected with 10 g of each retroviral vector by the previously described CaPO 4 method (38) . Cells were subjected to G418 (an analog of neomycin) selection at a final concentration of 600 g/ml (0.87 mM; Gibco). At least 2,000 G418-resistant colonies derived from each vector were pooled and expanded. For each vector, 2.5 ϫ 10 6 transfected G418-resistant cells were plated on 100-mm-diameter dishes, and the culture medium was changed 24 h later. For infections involving vectors KD-HTT4*K and KD-HTpT4*K, 5.0 ϫ 10 6 cells were plated. Virus was harvested 24 h later, serially diluted, and used to infect 143B target cells plated at 2 ϫ 10 5 cells per 60-mm-diameter dish in the presence of Polybrene (50 g/ml) as previously described (16) . Infected 143B cells were subjected to either G418 (400 g/ml; 0.58 mM) or hypoxanthineaminopterin-thymidine (HAT; as specified by Boehringer Mannheim) selection 1 day postinfection. Drug-resistant colonies were counted, and viral titers were determined from two to six independent experiments. Southern analysis. Genomic DNA was isolated, and proviral DNA was analyzed by Southern blot hybridization using standard procedures from pools of at least 2,000 HAT-or G418-resistant colonies (38) . A 1.2-kb IRES-neo DNA fragment was used to generate a probe with [␣ 32 P]dCTP (specific activity, Ͼ10 9 cpm/g; ICN Biomedicals) by using a Random Priming DNA-labeling kit (Boehringer Mannheim). The membrane was exposed to X-ray film (Kodak) and PhosphorImager cassette (Molecular Dynamics). Quantitation of bands was performed with the ImageQuant program (Molecular Dynamics).
PCR analysis of KD-HTT4*K and KD-HTpT4*K. After HAT selection of the 143B-infected cells, single cell colonies were isolated from separate dishes, expanded, and lysed (14) . For each clone, the T portion of HTK was PCR amplified under standard conditions (46) with primers T for (5Ј-GACGATATCGTCTAC GTACCCGAGCCC-3Ј) and TrevB (5Ј-AGACGTGCATGGAACGGAGGCG TTTGGCC-3Ј). The amplified T portions were then subjected to restriction enzyme digestions separately and analyzed on a 1% agarose gel.
RESULTS
Construction of MLV-based vectors containing direct repeats separated by spacer fragments of various lengths. To elucidate the effect of distance between direct repeats on template switching by RT, we constructed a series of MLV-based retroviral vectors that contained a 701-bp directly repeated sequence composed of the middle T portion of HTK (Fig. 1) . Each vector contained the cis-acting elements necessary for viral replication in addition to neo expressed from IRES. In the parental vector pKD-HTnotTK, the overlapping HT and TK fragments were separated by a NotI restriction site. Spacer fragments that varied in length from 98 to 3,474 bp were inserted into the NotI site to generate a total of 16 vectors. To minimize sequence-specific effects of the spacer fragments on the frequency of RT template switching, the spacer fragments were derived from unrelated genes ouabain, lacZ, and hygro. Retroviral vectors pKD-HT304TK, pJT-HT387TK, pKD-HT706TK, pJT-HT803TK, pKD-HT1601TK, and pKD-HT3322TK contain spacer fragments derived from ouabain ( Fig. 1) . Retroviral vectors pKD-HT844TK, pKD-HT1844TK, and pKD-HT3474TK contain spacer fragments derived from lacZ. Retroviral vectors pKD-HT98TK, pJT-HT213TK, pKD-HT496TK, and pKD-HT599TK contain spacer fragments derived from hygro. Retroviral vectors pKD-HT1299TK and pKD-HT2310TK were derived by insertion of fragments from both hygro and ouabain (not shown). Finally, the previously described vector pKD-HTpTK contains an 818-bp spacer fragment that contains the MLV packaging signal ⌿ (6). The approximate locations of the spacer fragments relative to ouabain, lacZ, and hygro are shown in Fig. 1B . Some of the spacer fragments derived from the same gene do not share significant sequence homology; for example, the 98-and the 213-bp spacer fragments were derived from different locations in hygro and are distinct in sequence. Other spacer fragments share significant sequence homology; for example, the 844-bp spacer fragment is present within the 3,474-bp spacer fragment derived from lacZ. However, there is no simple relationship between sequence homology and the length of the spacer fragments. Therefore, the effects of spacer fragments on the frequency of direct repeat deletions are likely to be due to the increase in distance rather than the primary sequences of the spacers.
Functional reconstitution of HTK during a single cycle of retroviral replication. The results of infections performed with virus derived from all 16 vectors are summarized in Table 1 . The vectors were transfected into MLV-based packaging cell line PG13. Pools of G418-resistant PG13 cells containing each vector were expanded, and virus was harvested. The virus produced from each vector was used to infect 143B, a human thymidine kinase-deficient cell line. The infected cells were selected for resistance to either G418 or HAT. All cells infected with a virus were expected to express neo and confer resistance to G418. The results of experiments with vectors containing only the HT or the TK fragment did not confer HAT resistance (data not shown). Therefore, only cells containing proviruses that underwent direct repeat deletion and functionally reconstituted HTK were expected to confer resistance to HAT. The high virus titers observed after selection for HAT indicated that direct repeat deletions occurred at a high rate during reverse transcription and functionally reconstituted HTK. The G418 and HAT titers obtained for each vector were within twofold of each other. A twofold difference in virus titers is not statistically significant unless the experiments are repeated several times. However, for some vectors, the HAT titers were higher than the G418 titers. We have previously shown that the HAT titers are approximately 1.7-fold higher than the G418 titers when 143B cells are used for infection (6) . The higher HAT titers probably reflect differential toxicities of the two selection procedures to the 143B cells.
Deletion frequencies of vectors in which the direct repeats are separated by spacer fragments of various lengths.
After infection of 143B cells with virus derived from each vector, G418-resistant and HAT-resistant colonies were pooled and expanded. Genomic DNAs were isolated from the pools of infected cells for Southern analysis. The genomic DNA was digested with XbaI, which cuts in both the 5Ј and 3Ј long terminal repeats of the proviral DNA ( Fig. 2A) . Proviruses that did not undergo direct repeat deletion were expected to generate an XbaI band that is 5.0 kb plus the size of the spacer fragment. Proviruses that underwent direct repeat deletion were expected to generate a 4.3-kb band, regardless of the size of the spacer fragment.
Southern analyses of pools of G418-resistant colonies derived from infected 143B cells were performed ( Fig. 2B and C) . Since the G418-resistant pools contained a population of both undeleted and deleted proviruses, the deletion frequency could be determined by comparing the intensities of the deleted and undeleted bands. The deletion frequencies for each vector were obtained from at least two independent infections and at least three different Southern blots. The average deletion frequency during reverse transcription of each vector, determined by comparison of the intensities of the undeleted and deleted bands, is shown ( ϩ701 bp; [ Table 1 ]) were separated by less than 1,500 bp are summarized in Fig. 2B . The deletion frequencies ranged from 37 to 82%. It was also important to determine the frequency of direct repeat deletion during transfection of PG13 helper cells. Southern analyses of genomic DNAs from pools of transfected PG13 cells indicated that approximately 5% of the viral DNAs underwent deletions during the process of transfection (data not shown). Therefore, the observed deletion frequencies were adjusted by subtraction of 5% to accurately reflect the frequency of direct repeat deletion during one cycle of reverse transcription. Southern analyses of vectors in which the homologous sequences were separated by greater than 1,500 bp are summarized in Fig. 2C . For these vectors, the deletion frequencies ranged from 85% to greater than 90%. The band representing the undeleted provirus was not detectable for vectors in which the homologous sequences were separated by greater than 1,545 bp. Based on the sensitivity of the Southern blots, we estimate that at least 90% of the proviruses underwent direct repeat deletion during reverse transcription. Southern analyses of genomic DNAs from pools of HAT-resistant cells were also performed. As expected, only the deleted 4.3-kb proviral band was detected (data not shown).
Effect of distance between homologous sequences on deletion frequency. The deletion frequencies obtained from Southern analyses were plotted with respect to the distance between homologous sequences in Fig. 3 . As the error bars indicate, the deletion frequencies observed were highly reproducible in independent experiments. The results show that in general, the frequency of direct repeat deletions increased as the distance between homologous sequences increased from 701 to 1,504 bp. The deletion frequencies for pKD-HT304TK and pKD-HT706TK were lower than for some vectors in which the homologous sequences were closer to each other. For vectors in which the distance between homologous sequences was between 1,545 to 4,175 bp, a greater than 90% frequency of direct repeat deletion was observed (Fig. 3) . The results show that a high plateau of direct repeat deletion was reached when the distance between homologous sequences was increased to greater than 1,500 bp. The frequency of template switching is higher in the 5 regions of the direct repeat relative to the 3 regions. To analyze the region(s) within the downstream 701-bp repeat in which template switching events occurred, vectors pKD-HTT4*K and pKD-HTpT4*K were analyzed (Fig. 4A) . Each vector contained four restriction sites that were present in only the 3Ј copy of the direct repeat. These restriction sites were generated by introduction of silent mutations. The presence of these four restriction sites divided the 3Ј direct repeat into five regions (A through E) ranging in size from 100 to 180 bp. An RT template switch in each of the five regions is expected to generate a deleted provirus that contains a different pattern of restriction sites (Fig. 4B) . A template switch in region A is expected to generate a provirus containing NdeI, Eco47III, HincII, and NotI restriction sites. A template switch in region B is expected to generate a provirus containing Eco47III, HincII, and NotI restriction sites. A template switch in region C is expected to generate a provirus containing HincII and NotI restriction sites. A template switch in region D is expected to generate a provirus containing the NotI restriction site. Finally, a template switch in region E is expected to generate a provirus that does not contain any of the four restriction sites.
Each vector was transfected into PG13 helper cells, and over 2,500 G418-resistant colonies were pooled and expanded for each experiment. Virus was harvested and used to infect 143B target cells. The cells were subjected to HAT selection, and the resulting single cell clones were isolated and expanded. The viral titers for KD-HTT4*K and KD-HTpT4*K (Table 1) . The directly repeated sequences are adjacent to one another in the vector pKD-HTT4*K and are separated by a 818-bp spacer fragment containing the MLV ⌿ in the vector pKD-HTpT4*K. The 3Ј copy of the repeat (shaded boxes) in both vectors contains four restriction sites that are not present in the 5Ј copy of the repeat. Restriction sites: Nd, NdeI; E, Eco47III; H, HincII; Nt, NotI. The presence of these restriction sites divides the 3Ј copy of the direct repeat into 5 regions labeled A, B, C, D, and E. (B) Expected structures of proviral clones after direct repeat deletion. Amplification of the T portion of the reconstituted HTK using PCR is expected to yield products that can be digested with various restriction enzymes. The observed pattern of restriction sites reflects the region in which RT switched templates. For example, an RT template switch in region A is expected to generate a product containing NdeI, Eco47III, HincII, and NotI restriction sites. (C) Restriction digestions of PCR products derived from three representative proviral cell clones. Cell clones C1 and HH were derived from KD-HTpT4*K, and cell clone 3B was derived from KD-HTT4*K. Sizes of molecular weight marker fragments (lanes M) are shown in kilobases on the left. Lanes U represent undigested PCR product. The plus or minus sign below each lane indicates that the PCR product was or was not cleaved by the restriction enzyme. Fig. 4 for definition of regions. b The percent RT template switching per region was adjusted to the length of each region to estimate the percent RT template switching per 100 bp by using the following formula: (% RT template switching per region/length of region [bp]) ϫ 100 bp. For example, the % RT template switching per 100 bp for region A of KD-HTT4*K was (30%/153 bp) ϫ 100 bp ϭ 20%.
c The percent RT template switching per 100 bp was calculated as follows. First, the fraction of RTs that underwent a template switch and reconstituted a functional HTK gene (57% for KD-HTTK and 91% for KD-HTpTK) was used to estimate the theoretical population of undeleted and deleted clones analyzed. Specifically, 34 clones of KD-HTT4*K underwent direct repeat deletion, which represents 57% of 60 clones. Similarly, 26 clones of KD-HTpT4*K underwent direct repeat deletion, which represents 91% of 29 clones. Next, the number of RTs that copied each region was estimated by subtraction of the fraction of RTs that switched templates 3Ј to the region by using the following formula: (number of clones that switched templates in region)/(theoretical population Ϫ number of clones that switched templates in regions 3Ј to the region) ϫ 100. For example, the number of RTs that copied region A of KD-HTT4*K was 11/(60 Ϫ 23) ϫ 100% ϭ 30%. This calculation indicates that 30% of RTs that copied region A of KD-HTT4*K underwent a template switch. and subjected to restriction enzyme digestion with NdeI, Eco47III, HincII, or NotI. A representative agarose gel is shown in Fig. 4C . The PCR product derived from KDHTpT4*K clone C1 was cleaved by all four enzymes, indicating that a template switch had occurred in region A. The PCR product derived from KD-HTT4*K clone 3B was cleaved by HincII and NotI, indicating that a template switch had occurred in region C. On the other hand, the PCR product derived from KD-HTpT4*K clone HH was not cleaved by any of the four enzymes, indicating that a template switch occurred in region E.
Results of restriction analysis of PCR products derived from 34 HAT-resistant cell clones containing KD-HTT4*K proviruses and 26 cell clones containing KD-HTpT4*K proviruses are summarized in Table 2 . Analysis of KD-HTT4*K proviruses indicated that 11, 7, 8, 4, and 4 proviruses underwent an RT template switch in regions A, B, C, D, and E, respectively. Analysis of KD-HTpT4*K proviruses indicated that 7, 5, 10, 2, and 2 proviruses underwent an RT template switch in regions A, B, C, D, and E, respectively. These data were used to determine the rate of RT template switching per 100 bp. The observed frequencies of direct repeat deletions were normalized for the length of each region as well as the fraction of RTs expected to reverse transcribe each region. It is important to note that the fraction of RTs that copy a region is dependent on the fraction of RTs that undergo a template switch 3Ј to the region (see Table 2 , footnote c). The frequencies of RT template switching per 100 bp observed for KD-HTT4*K were 20, 15, 9, 4, and 7% for regions A, B, C, D, and E, respectively. In comparison, the frequencies of RT template switching per 100 bp observed for KD-HTpT4*K were 46, 30, 25, 4, and 7% for regions A, B, C, D, and E, respectively. These results indicated that in both KD-HTT4*K and KD-HTpT4*K vectors, RT switched templates in all five regions of the direct repeat. However, the frequency of RT template switching per 100 bp was not equal in all five regions; the probability of RT switching templates was increased as RT reverse transcribed the template from the 3Ј (region E) to the 5Ј (region A) ends of the direct repeat. When the direct repeats were separated by the 818-bp spacer (KD-HTpT4*K), the frequency of RT template switching per 100 bp was increased approximately twofold in the 5Ј half of the direct repeat (regions A, B, and C) relative to the same regions in KD-HTT4*K.
The 818-bp ⌿ sequence does not increase the rate of template switching for shorter direct repeats. To determine whether the increase in template switching observed between KD-HTTK (57%) and KD-HTpTK (91%) could also be observed with shorter direct repeats, we constructed a series of vectors containing shorter direct repeats (Fig. 5) . Vectors pKD-HT1TK, pKD-HT2TK, and pKD-HT4TK contain direct repeats of 114, 225, and 349 bp, respectively, adjacent to one another (Fig.  5A ). All vectors lack regions A, B, and the 5Ј half of region C as defined in Fig. 4B . Specifically, the 349-bp repeat contains region E, D, and 69 bp of region C. The 225-bp repeat contains region E plus 125 bp of region D. The 114-bp repeat contains region E plus 14 bp of region D. Each vector was separately transfected into PG13 helper cells, and over 2,000 G418-resistant colonies were pooled and expanded. Virus was harvested, serially diluted, and used to infect 143B target cells. The target cells were subjected to either G418 or HAT selection, and viral titers were determined from the resistant colonies. As shown in Table 1 , similar titers were obtained after both G418 and HAT selection.
Genomic DNAs were also isolated from pools of G418-and HAT-resistant colonies. To analyze the structure of the proviral DNA for KD-HT1TK, KD-HT2TK, and KD-HT4TK, genomic DNA was cut with MluI and NcoI to yield 2.4-, 2.5-, and 2.7-kb undeleted bands, respectively, and a 2.3-kb deleted band in Southern analyses (Fig. 5A) . As expected, the HATresistant pools of colonies generated only the deleted proviral band (Fig. 5A, lanes H) , and the G418-resistant pools generated both the deleted and undeleted proviral bands (Fig. 5A , lanes G). As before, the intensities of the deleted and undeleted proviral bands in the G418-resistant pools of cells were compared to determine the deletion frequency. The average deletion frequencies from three independent experiments were 6% (Ϯ5%) for KD-HT1TK, 9% (Ϯ2%) for KD-HT2TK, and 9% (Ϯ4%) for KD-HT4TK. Thus, the shorter direct repeats exhibited a significantly lower frequency of RT template switching in comparison to the 701-bp direct repeat in KDHTnotTK (Fig. 2B) .
Southern analysis was also performed for KD-HTp1TK, KD-HTp2TK, and KD-HTp4TK, in which the shorter direct repeats were flanking the 818-bp ⌿ sequence (Fig. 5B) . Genomic DNAs isolated from G418-resistant pools of cells were digested with XbaI to generate 4.4-, 4.5-, and 4.7-kb undeleted bands (Fig. 5B, lanes G) and a 3 .5-kb deleted band (Fig. 5B, lanes H) . Genomic DNAs from HAT-resistant pools of cells generated only the 3.5-kb deleted band. The deletion frequencies obtained from G418-resistant pools of cells were 8% (Ϯ5%) for KD-HTp1TK, 8% (Ϯ3%) for KD-HTp2TK, and 9% (Ϯ9%) for KD-HTp4TK. Thus, the presence of the 818-bp ⌿ sequence did not significantly increase the rate of RT template switching for shorter direct repeats. These low deletion frequencies observed for vectors containing shorter direct repeats were consistent with the observation that only 4 and 7% of the RTs switched templates per 100 bp in regions D and E, respectively ( Table 2) .
Effect of viral RNA length and location of direct repeat on the frequency of direct repeat deletion. Most of the vectors tested in these studies generated RNAs that were shorter than the 8.3-kb wild-type MLV RNA (39) . To rule out the possibility that the deletion frequencies were affected by the size of the packaged RNA, we constructed pKD-HTTK3474, which contained the same direct repeat as KD-HTnotTK; however, a 3,474-bp lacZ fragment was also placed 3Ј of neo (Fig. 6A) . The overall length of the vector RNA was 8.9 kb, similar to that of wild-type MLV RNA. Vector pKD-HTTK3474 was transfected into PG13 helper cells, and G418-resistant colonies were pooled and expanded. Virus was harvested and used to infect 143B cells which were subjected to either G418 or HAT selection. The resulting titers are shown in Table 1 . For Southern analysis, genomic DNAs were isolated from pools of G418-resistant 143B colonies and digested with both MluI and NcoI to generate a 3.2-kb undeleted proviral band and a 2.5-kb deleted proviral band. As shown in Fig. 6B , the G418-resistant pools for KD-HTTK3474 exhibited a deletion frequency of 59%, which was nearly identical to the deletion frequency observed for KD-HTnotTK (58% [Fig. 2B]) . Thus, the size of the viral RNA did not affect the frequency of direct repeat deletion.
It was also possible that the location of the direct repeat in the viral RNA affected the frequency of deletion. To test the effect of location on the deletion frequency, we constructed pKD-neoHTTK, in which the HTTK cassette containing the 701-bp direct repeat was placed 3Ј of neo (Fig. 6A) . Vector pKD-neoHTTK was transfected into PG13 helper cells, and G418-resistant colonies were pooled and expanded. Virus was harvested and used to infect 143B cells, which were then selected for G418 resistance. The virus titers obtained are shown in Table 1 . Genomic DNAs were isolated from the G418-resistant 143B cells and digested with XbaI to generate a 5.0-kb undeleted proviral band and a 4.3-kb deleted proviral band. As shown in Fig. 6B , KD-neoHTTK resulted in a deletion frequency of 47%, which was comparable to the deletion frequency obtained for KD-HTnotTK (Fig. 2B) . Thus, the location of the direct repeats relative to the 5Ј or 3Ј ends of the viral RNA did not have a drastic effect on the frequency of deletion.
DISCUSSION
Increasing distance between homologous sequences increases the frequency of RT template switching. In this study, we observed that two vectors in which the directly repeated sequences were separated by unrelated sequences of approximately the same length as ⌿ (pKD-HT803TK and pKD-HT844TK) also displayed a higher frequency of RT template switching. Therefore, the results of these studies do not support the previous hypothesis that a sequence-specific characteristic of ⌿ affects the frequency of RT template switching within adjacent direct repeats (6) . However, the possibility that the MLV ⌿ sequence increases the rate of template switching within adjacent direct repeats to a greater extent than unrelated spacers of the same length could not be excluded since a greater than 90% deletion frequency was achieved with the unrelated spacers. These results are not inconsistent with previous reports of an increase in template switching at the MLV dimerization linkage structure (27) (28) (29) . These previous reports indicated that the location of intermolecular RT template switching was within ⌿, whereas in this study the location of RT template switching events, which are most likely to be intramolecular events (15) , involved directly repeated sequences adjacent to ⌿.
The general increase in RT template switching with increasing distance between homologous sequences was unlikely to be a result of the effect of spacer fragments on the secondary structure of the template for the following reasons. First, most of the spacer fragments were derived from unrelated genes and did not share any sequence homology. Second, the vectors that shared sequence homology did not correlate with the distance between homologous sequences. Third, the G/C content of the spacer fragments ranged from 48 to 62% and did not correlate with the frequency of deletion (data not shown). Fourth, an analysis of the predicted RNA secondary structures of KD-HTT4*K and KD-HTpT4*K performed with the mfold program showed no drastic alterations in the RNA secondary structure (56) . Since sequences up to 3-kb in length can be folded by using mfold, we folded 2,862 nucleotides for the KD-HTT4*K vector, beginning at the 5Ј end of the ⌿ fragment and ending at the 3Ј end of the K portion of HTK. For the KD-HTpT4*K vector, we folded 2,862 nucleotides beginning with the 5Ј end of the H portion of HTK and ending at the 3Ј end of the K portion of HTK. Although small alterations in the RNA secondary structures were observed, it was not possible to attribute the increase in template switching to specific differences in the RNA secondary structures (reference 56 and data not shown).
A model for RT template switching. We have developed a model to explain the observation that distance between homologous sequences increases the frequency of direct repeat deletion (Fig. 7) . It is proposed that homologous interactions between newly synthesized DNA sequences 3Ј of the RT with complementary sequences on the template (labeled "3Ј homology"), increases the probability of RT switching templates. As shown in step 1, RT begins to reverse transcribe the 3Ј copy of the direct repeat. RNase H is expected to degrade the template RNA 3Ј of the RT. In step 2, conformational rearrangements allow hydrogen bonding between the newly synthesized DNA and the complementary sequences in the 5Ј copy of the direct repeat. The conformational rearrangements that permit the interaction between the nascent DNA and the template are depicted as a formation of a loop in the template. In step 3, RT dissociates from the 3Ј direct repeat and reassociates with the homologous sequence in the 5Ј direct repeat. The proposed homologous interactions of template and nascent DNA 3Ј to the RT serve to bring the homologous acceptor template in close proximity to the RT and the growing end of the DNA, which increases the probability of a template switch. The proposed interactions also increase the probability that RT reassociates with the 5Ј direct repeat rather than the 3Ј direct repeat because of duplex formation and branch migration. After the template switch, RT continues to copy the 5Ј direct repeat. In step 4, the final product of reverse transcription is shown after the template switch has deleted one copy of the direct repeat and sequences between the direct repeats. The model depicts the deletion of direct repeats occurring intramolecularly; however, it is possible that the deletions can occur intermolecularly with the copackaged RNA (not shown). Previous results have shown that direct repeat deletions primarily involve intramolecular template-switching events (15) . This model, revised from the previously proposed model (22) , pro- vides for the first time a possible mechanism for the observed increase of RT template switching with increasing distance.
A minus-strand exchange model was previously proposed as a mechanism for intermolecular template switching and recombination between copackaged viral genomes (3). This model also proposed that the nascent DNA and the copackaged RNA template form a duplex 3Ј of the RT, which promotes intermolecular template switching. Our in vivo analysis of KD-HTT4*K and KD-HTpT4*K supports the notion that increasing the length of homologous sequences 3Ј to the RT was associated with an increase in RT template switching.
The model also provides an explanation for the results obtained with vectors in which the homologous sequences were separated by spacer fragments of various lengths. It is possible that when the distance between homologous sequences is greater than 1,500 bp, a structural constraint associated with the template is relieved (depicted as formation of a loop) so that the nascent DNA can interact with the homologous sequences in the 5Ј repeat. As a result, direct repeat deletion may occur at a high rate. Conversely, when the distance between homologous sequences is less than 1,500 bp, structural constraints may be present that inhibit or prevent interactions between the nascent DNA and the 5Ј direct repeat, resulting in a lower frequency of RT template switching. Although RNA is believed to be very flexible, its association with the viral nucleocapsid protein and possibly other viral proteins may reduce the flexibility and result in the structural constraints (5) . On the other hand, the presence of nucleocapsid protein also has been shown in vitro to promote template switching involving strand transfer events (5, 8, 36, 52) . Therefore, the role of NC in direct repeat deletion is unknown.
The hypothesis that a minimum distance between homologous sequences is needed for efficient duplex formation 3Ј to the RT is consistent with the observation that the ⌿ spacer fragment did not increase the frequency of deletion of shorter direct repeats. In vectors containing 114-, 225-, and 349-bp direct repeats, the presence of ⌿ resulted in increasing the distance between homologous sequences to 932, 1,043, and 1,167 bp, respectively. It is possible that since the distance between homologous sequences was not increased to greater than 1,500 bp, we did not observe an increase in the rate of RT template switching. It is also possible that the shorter direct repeats did not have as much 3Ј homology as the larger direct repeats, and the reduced length of 3Ј homology could have resulted in a low deletion frequency. Finally, since the deletion frequencies were low with shorter direct repeats, the sensitivity of the Southern blotting analysis may have precluded detection of an increase in the deletion frequency.
The frequencies of deletions obtained with the shorter direct repeats were lower than previously observed (22, 33) . A 388-bp direct repeat separated by the spleen necrosis virus packaging signal provided a deletion frequency of approximately 40%, whereas in this study a 349-bp repeat provided a deletion frequency of 9% (22) . These results suggest that the sequence of the direct repeat, as well as the size of the repeat and the distance between the repeats, may influence the rate of template switching.
The model proposed here suggests that degradation of the template RNA by RNase H is necessary for duplex formation 3Ј to RT. Previous data from our laboratory indicated that RT switched templates at equal rates during RNA-and DNAdependent DNA synthesis, suggesting that RNase H activity was not required for RT template switching (2). It is conceivable that RNase H degradation of the template increases the rate of RT template switching during minus-strand DNA synthesis, whereas other mechanisms, such as displacement synthesis, increase the rate of RT template switching during plusstrand DNA synthesis.
The results of these studies suggest that the dynamic structure of the viral RNA influences RT template-switching events. We have utilized the fact that large distances do not decrease the rate of direct repeat deletion to develop MLV-based selfinactivating and self-activating retroviral vectors that delete the selectable marker and ⌿ at greater than 99% efficiency in one cycle of retroviral replication (6a) . Further studies are under way to test the model that 3Ј homology plays a major role in promoting RT template-switching events.
